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We present a scheme to generate three particle hyper-entanglement utilizing polarization and orbital angular
momentum (OAM) of a photon. We show that the generated state can be used to teleport a two-qubit state
described by the polarization and the OAM. The proposed quantum system has also been used to describe a new
efficient quantum key distribution (QKD) protocol. We give a sketch of the experimental arrangement to realize
the proposed teleportation and the QKD.
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I. INTRODUCTION
With entanglement between two quantum bits, protocols
have been demonstrated for teleporting an unknown quantum
state [1], super dense coding of information [2] and secure
communication [3]. An arbitrary qubit can be teleported from
one particle to another with the use of an entangled pair of
particles, which had been experimentally verified in different
quantum systems [4, 5]. However, distinguishing all the four
Bell states of the photonic qubits has remained a fundamental
difficulty in achieving 100% teleportation. In the first demon-
stration of the teleportation with photons [4], only one of the
four Bell states was able to distinguish from the others. Thus,
the efficiency of teleportation was limited to 25%. Later on, a
complete Bell state measurement was demonstrated with non-
linear interaction of photons[6]. Even though they could sepa-
rate all the four Bell states, the efficiency was reduced because
of the non-linear process involved.
In recent years, complete Bell state analysis has been pro-
posed with the use of hyper-entanglement [7], where the
two photons are entangled in an additional degree of free-
dom (DOF) along with polarization. This method was uti-
lized to increase the channel capacity of super dense coding
[8]. This was done by projecting each hyper-entangled pho-
ton to four single particle two-qubit Bell states. Nevertheless,
hyper-entanglement assisted Bell state analysis is not of much
use in teleportation since it requires projecting the unknown
state and one of the EPR particle state to any of the four Bell
states. On the other hand, a hyper-entangled pair of particles
can teleport a higher dimensional quantum state using hyper-
entangled-Bell-state analysis which was described using Kerr
non-linearity [9]. There had been a number of studies which
use spin-orbit states of light for quantum information process-
ing [10–14]. Khoury and Milman [15] proposed a spin to orbit
teleportation scheme with 100% efficiency that uses the OAM
entanglement between the two photons and a spin-orbit Bell
state analysis (SOBA).
In this article, we describe a three particle entangled state
which finds applications in teleporting two qubits simulta-
neously and implementing an efficient key distribution pro-
tocol. In Section II we give a description of the proposed
state. Along with the mathematical form of the state we give a
schematic for the state preparation. The experimental proce-
dure for the generation of the proposed state is given in Sec-
tion III. The state can be utilized to teleport two qubits using
two SOBAs and 16 unitary transformations as given in Sec-
tion IV. Experimental schemes for realizing the CNOT gates
and SOBA have also been given in Section IV A. In Section V
we describe a new QKD protocol using the new state, which
is more efficient than the traditional Ekert protocol. Finally,
we conclude in Section VI.
II. DESCRIPTION OF THE PROPOSED STATE
We describe a system of particles in such a way that one
particle is entangled to all other particles in different degrees
of freedom. Let us consider a system consisting of three pho-
tons where photon 2 is entangled with photons 1 and 3 in
different degrees of freedom namely OAM and polarization
respectively. The polarization state of the photon 1 and the
OAM state of the photon 3 are arbitrary or unknown.
Since the OAM of a photon is expressed in infinite dimen-
sional Hilbert space, one can have higher dimensional entan-
gled states. We take an arbitrary two dimensional subspace of
the infinite dimensional OAM basis as {|l〉, |l′〉}.
The described state can be prepared using a pair of
Hadamard and CNOT gates in different DOFs which corre-
spond to the polarization and the OAM. The initial states of
three particles can be written as
|1〉 = |ξp〉1|l〉1 ; |2〉 = |H〉2|l〉2 ; |3〉 = |H〉3|χo〉3, (1)
where |ξp〉 is the unknown state of polarization of the photon
1, |χo〉 is the unknown OAM state of the photon 3, |H〉 repre-
sents horizontal and |V〉 represents vertical polarization states
of a photon. The schematic diagram for preparation of the
initial state is given in Fig. 1. To entangle photons 1 and 2
in OAM, a Hadamard gate (Ho) on photon 1 and subsequent
CNOT gate on photon 1 and 2 are applied. Both gates act in the
OAM degree of freedom. Similarly, another Hadamard (Hp)
acting on photon 2 and a CNOT between photons 2 and 3 en-
tangle them in polarization. Here, both the gates are acting on
the polarization states of photons. After performing the gate
operations mentioned above, the final state becomes,
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FIG. 1: Schematic diagram for preparation of the initial state. Box
named “OAM” contains a Hadamard gate (Ho) and a CNOT gate act-
ing on OAM basis and “polarization” box contains a Hadamard (Hp)
and CNOT gates acting on polarization basis.
|Ψ〉123 = |ξp〉1⊗(|l, l′〉12+|l′, l〉12)⊗(|HV〉23+|VH〉23)|χo〉3. (2)
III. EXPERIMENTAL SCHEME FOR STATE
PREPARATION
We are proposing a method in which initially two photons
are entangled in the OAM and third photon is in a pure state
of OAM and polarization. By polarization gate operations on
one of the entangled photons and the independent photon, one
can arrive at the described state. Experimental scheme for the
generation of the state is given in Fig. 2.
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FIG. 2: Schematic experimental set up for the state preparation. SM-
Simon-Mukunda gadget, HWP- half wave plate, BBO- second order
nonlinear crystal (Beta Barium Borate) .
To generate the described state, we start with a Type I spon-
taneous parametric down conversion (SPDC) of light in a sec-
ond order nonlinear crystal that gives a pair of photons entan-
gled in the OAM [16]. A vertically polarized optical vortex
beam of azimuthal index 1 has been considered as the pump.
The state corresponding to the pair of photons produced by
the SPDC of this beam is given by
|Ψ〉12 =
+∞∑
m=−∞
cm|m〉1|1 − m〉2 ⊗ |H〉1|H〉2 (3)
Note that the experimental realization of the quantum gates
in the OAM basis { |0〉,±|1〉 ± |2〉... } are not straightforward.
Moreover, in the teleportation, it is easier to project the state
of a photon to one of its four spin-orbit Bell state if we use
even/odd basis. Thus for the ease of experimental realization,
we reduce the infinite dimensional entangled state to a simple
two-qubit entangled state by grouping all the even and the odd
OAM states and rewrite the expression for the OAM state in
Eq. (3) as
+∞∑
m=−∞
cm(|m〉1|1 − m〉2) =
+∞∑
k=−∞
c2k(|2k〉1|1 − 2k〉2) +
+∞∑
k=−∞
c2k+1(|2k + 1〉1| − 2k〉2). (4)
We define a transformation from the general OAM space to
the even-odd OAM space as
g(|u〉1|v〉2) = f (|u〉1) f (|v〉2), where
f (|x〉) =
{ |E〉, for even x;
|O〉, for odd x. (5)
Applying g on the left-hand-side of Eq. (4) yields
1√
2
(|E〉1|O〉2 + |O〉1|E〉2).
From the conservation of OAM, we have
∑+∞
k=−∞(c2k)
2 =∑+∞
k=−∞(c2k+1)
2 = 12
∑+∞
m=−∞(cm)2 =
1
2 .
Thus, we can rewrite Eq. (3) as
|Ψ〉12 = 1√
2
(|E〉1|O〉2 + |O〉1|E〉2) ⊗ |H〉1|H〉2. (6)
Note that the photons are entangled in the even/odd OAM
states. Experimentally, this transformation can be imple-
mented by post selection in the even/odd OAM basis. All
the OAM operations or measurements must be performed in
even/odd basis using OAM sorter [17]. This maps the gen-
eral OAM state to even/odd basis which is mathematically
represented by operator g. Let the photon 1 pass through
a Simon-Mukunda polarization gadget which can convert its
polarization to any arbitrary state [18, 19] and the photon 2
pass through a half wave plate at pi8 . Thus polarization state of
the photon 1 is encoded as the unknown state a|H〉1+b|V〉1 and
the state of the photon 2 is encoded as 1√
2
(|H〉2 + |V〉2). Action
of HWP on the photon 2 is a Hadamard operation. Thus, the
state becomes
|Ψ〉12 = 1√
2
(|E〉1|O〉2 + |O〉1|E〉2) (a|H〉1 + b|V〉1) ⊗
1√
2
(|H〉2 + |V〉2). (7)
Now, consider the photon 3 with unknown superposition state
of OAM in the even/odd basis and with definite state polariza-
tion. Its state can be expressed as,
|Ψ〉3 = (α|E〉3 + β|O〉3) ⊗ |V〉3. (8)
3A polarization CNOT gate is applied on photon 2 (control) and
3 (target). This operation leads to a polarization entanglement
between photons 2 and 3. Thus, the three particle state be-
comes
|Ψ〉123 = 12 (a|H〉1 + b|V〉1) (|E〉1|O〉2 + |O〉1|E〉2)
(|HV〉23 + |VH〉23)(α|E〉3 + β|O〉3). (9)
This is in the same form as the proposed three particle entan-
gled state described in Section 2, Eq. (2).
IV. SIMULTANEOUS TELEPORTATION OF TWO QUBITS
USING THE NEW STATE
Teleportation of N qubits, in general, needs N pairs of
entangled photons. On the other hand, teleportation of d-
dimensional quantum state needs d-dimensional entanglement
and one has to do a joint measurement in d2 dimensional Bell
basis [20]. However, teleportation schemes were proposed for
a d dimensional OAM state using Bell filter and quantum scis-
sors [21–23].
With the entangled state presented above, we propose an
efficient scheme for teleporting a two-qubit state distributed in
different DOFs. The schematic diagram is given in Fig. 3. The
polarization state of photon 1 and the OAM state of photon 3
form a four dimensional unknown two-qubit state
|Ψ〉u = (a|H〉1 + b|V〉1) ⊗ (α|E〉3 + β|O〉3), (10)
which needs to be teleported. We can teleport the combined
state to a single particle, photon 2.
The unknown polarization (spin angular momentum) and
the entangled OAM state of photon 1 and entangled polariza-
tion and the unknown OAM state of photon 3 in Eq. (9), can
be projected to individual spin-orbit Bell states by SOBA. Al-
ice performs the SOBA on the photons 1 and 3 and projects
the state of both the particles to the corresponding spin-orbit
Bell states. The SOBA, for which the OAM is in the even/odd
basis, can be achieved by Mach-Zehnder interferometers in-
volving an OAM sorter and polarizing beam splitters [15].
The states can be defined as
ψ± = 1√
2
(|H, E〉 ± |V,O〉) ,
φ± = 1√
2
(|H,O〉 ± |V, E〉) . (11)
The SOBA operation for photon 1 can be represented by a
polarization controlled OAM CNOT (pCo) gate and a polar-
ization Hadamard (Hp) gate operation with subsequent detec-
tion. Similarly, the SOBA for photon 3 is an OAM controlled
polarization CNOT (oCp) gate and OAM Hadamard (Ho) gate
operation with subsequent detection. Experimental schemes
for these single particle two-qubit CNOT gates and SOBA are
given in Section IV A.
By substituting the single particle spin-orbit Bell states into
a three particle wave function in Eq. (9), we get
|Ψ〉123 = 14
1∑
x,y=0
1∑
x′,y′=0
|Φxy〉1|Φx′y′q 〉3 ⊗ Γx,y,x′,y′ (12)
(α|H〉2 + β|V〉2) (a|E〉2 + b|O〉2),
where |Φxy〉1 and |Φx′y′q 〉3 are single particle spin-orbit Bell
states corresponding to the photons 1& 3 respectively. Γx,y,x′,y′
is a transformation matrix for the spin-orbit state of photon
2. It has been introduced for the compact representation of
the 16 states of photon 2 given in Table I. After the SOBA
measurements on the photons 1 and 3, state of the photon 2
becomes
|Ψ(D|Φxy〉1 |Φx′y′q 〉3 )〉2 =
1
4
Γx,y,x′,y′ (α|H〉2 + β|V〉2) (a|E〉2 +b|O〉2),
(13)
the state corresponding to a detection of |Φxy〉1|Φx′y′q 〉3 in
SOBAs.
The states corresponding to all possible SOBA outcomes
are given in the first and the second columns of the Table I.
Note that the information encoded in the polarization state
of the photon 1 is transferred to the OAM state of the pho-
ton 2 and the information encoded in the OAM state of the
photon 3 is transferred to the polarization state of the pho-
ton 2. So, to get the initial state, Bob has to do a swapping
(USWAP) between the OAM and the polarization along with
other unitary transformations which use only polarization op-
erations. These operations can be implemented with the stan-
dard wave plates which makes the experimental realization of
this method more feasible.
There are 16 possible outcomes for Alice measurements
which demand 16 different unitary operations by Bob to com-
plete the teleportation protocol. Alice communicates her mea-
surement outcome (|Φxy〉1|Φx′y′q 〉3) classically to Bob. Bob
does the corresponding unitary transformation Uˆ (given in the
third column of Table I) on state of photon 2 to get
|Ψ〉2 = (a|H〉2 + b|V〉2) (α|E〉2 + β|O〉2). (14)
which completes the teleportation of unknown state given in
Eq. (10).
A SWAP operation is equivalent to consecutive pCo, oCp
and pCo gate operations. Since the operation done in polariza-
tion will be transferred to the OAM after the SWAP operation,
one can perform all the operations in polarization which are
well known. Two half wave plates before and after the SWAP
gate can perform 16 unitary operations which is required for
the teleportation. A circuit diagram of the proposed scheme is
given in Fig. 4.
A. Experimental realization of pCo, oCp gates and SOBA
A Polarization controlled OAM CNOT gate can be imple-
mented using a modified Mach-Zehnder interferometer where
the normal beam splitter is replaced by a polarizing beam
splitter (PBS) as shown in Fig. 5. The reflected arm of the in-
terferometer, through which the vertically polarized photons
travel, contains a spiral phase plate (SPP) of order 1 which
will convert the even OAM state to odd and vice versa. On
the other arm with horizontally polarized photons, the OAM
state remains unchanged. These states superpose at the second
PBS and emerges as a single pCo gate output. A glass block
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FIG. 3: (Colour online) Schematic for the teleportation of spin-orbit qubits shared by photons 1 and 3. HWPs - half wave plates.
Measurement Outcome State of Bob’s Photon Unitary Transformations (Uˆ)
|φ+φ+〉 (α|V〉 + β|H〉) (a|O〉 + b|E〉)
[
Io ⊗ σp1
]
∗ USWAP ∗
[
σ
p
1 ⊗ Io
]
|φ+φ−〉 (α|V〉 − β|H〉) (a|O〉 + b|E〉)
[
Io ⊗ σp1
]
∗ USWAP ∗
[
iσp2 ⊗ Io
]
|φ−φ+〉 (α|V〉 + β|H〉) (a|O〉 − b|E〉)
[
Io ⊗ iσp2
]
∗ USWAP ∗
[
σ
p
1 ⊗ Io
]
|φ−φ−〉 (α|V〉 − β|H〉) (a|O〉 − b|E〉)
[
Io ⊗ iσp2
]
∗ USWAP ∗
[
iσp2 ⊗ Io
]
|ψ+ψ+〉 (α|H〉 + β|V〉) (a|E〉 + b|O〉) [Io ⊗ I p] ∗ USWAP ∗ [I p ⊗ Io]
|ψ+ψ−〉 (−α|H〉 + β|V〉) (a|E〉 + b|O〉) [Io ⊗ I p] ∗ USWAP ∗
[
σ
p
3 ⊗ Io
]
|ψ−ψ+〉 (α|H〉 + β|V〉) (a|E〉 − b|O〉)
[
Io ⊗ σp3
]
∗ USWAP ∗ [I p ⊗ Io]
|ψ−ψ−〉 (−α|H〉 + β|V〉) (a|E〉 − b|O〉)
[
Io ⊗ σp3
]
∗ USWAP ∗
[
σ
p
3 ⊗ Io
]
|φ+ψ+〉 (α|H〉 + β|V〉) (a|O〉 + b|E〉)
[
Io ⊗ σp1
]
∗ USWAP ∗ [I p ⊗ Io]
|φ+ψ−〉 (−α|H〉 + β|V〉) (a|O〉 + b|E〉)
[
Io ⊗ σp1
]
∗ USWAP ∗
[
σ
p
3 ⊗ Io
]
|φ−ψ+〉 (α|H〉 + β|V〉) (a|O〉 − b|E〉)
[
Io ⊗ iσp2
]
∗ USWAP ∗ [I p ⊗ Io]
|φ−ψ−〉 (−α|H〉 + β|V〉) (a|O〉 − b|E〉)
[
Io ⊗ iσp2
]
∗ USWAP ∗
[
σ
p
3 ⊗ Io
]
|ψ+φ+〉 (α|V〉 + β|H〉) (a|E〉 + b|O〉) [Io ⊗ I p] ∗ USWAP ∗
[
σ
p
1 ⊗ Io
]
|ψ+φ−〉 (α|V〉 − β|H〉) (a|E〉 + b|O〉) [Io ⊗ I p] ∗ USWAP ∗
[
iσp2 ⊗ Io
]
|ψ−φ+〉 (α|V〉 + β|H〉) (a|E〉 − b|O〉) [Io ⊗ I p] ∗ USWAP ∗
[
iσp2 ⊗ Io
]
|ψ−φ−〉 (α|V〉 − β|H〉) (a|E〉 − b|O〉)
[
Io ⊗ σp3
]
∗ USWAP ∗
[
iσp2 ⊗ Io
]
TABLE I: Wave function corresponding to Bob’s photon and the required unitary transformation corresponding to Alice’s measurement
outcome.σp1 , σ
p
2 , σ
p
3 are Pauli matrices for polarization, I
p and Io are identity matrices for polarization and OAM.
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FIG. 4: (Color online) Circuit diagram for proposed teleportation
scheme. Single/double lines - quantum/classical communication
channels, arrow - measurement. Uˆ - unitary transformation given
in Table I
is introduced to compensate the extra phase introduced by the
SPP.
We pursue a similar method to construct the OAM con-
trolled polarization CNOT gate. For that, we need to use a
beam splitter which transmits the photons with even OAM
state and reflects the photons with odd OAM state. This can
be achieved by an OAM sorter [17]. We replace the two PBSs
SPP (l=1)
PBS
PBS
GB
FIG. 5: Experimental scheme for the implementation of polarization
controlled OAM CNOT gate (pCo). PBS - polarizing beam splitter,
SPP - spiral phase plate, GB - glass block.
in the previous setup with OAM sorters and instead of the SPP
we use a half wave plate at 450 in one arm that transforms the
polarization state to its orthogonal state. The schematic of the
setup is given in Fig. 6. The OAM sorter is another Mach-
Zehnder interferometer containing dove prisms in each arm
5with a relative angle of 900.
DP @ 900
DP @ 00
DP @ 900
DP @ 00
HWP@450
BS
BS
BS
BS
OAM sorter 1
OAM sorter 2
HWP@00
FIG. 6: (Color online) Experimental scheme for the implementation
of OAM controlled polarization CNOT gate (oCp). DP - dove prism,
BS - 50:50 beam splitter, HWP - half wave plate
The spin-orbit Bell state analysis with OAM in the even/odd
states is explained by Khoury and Milman [15]. However, in
the present protocol, the SOBA in photon 1 and photon 3 dif-
fer slightly in their implementation. As shown in the Fig. 7,
two Mach-Zehnder interferometers with OAM sorters (OS)
and polarizing beam splitters with photon detectors can im-
plement SOBA. For the photon 1, the block 1 the Fig. 7 is an
OAM sorter and the blocks 2 and 3 are polarizing beam split-
ters. For SOBA in photon 3, the block 1 is a PBS while the
blocks 2 and 3 are OAM sorters. Detection on each of the de-
tector will indicate the corresponding spin-orbit Bell state of
the photon.
BS
OS/PBS
3
21
PBS/OS
PBS/OS
BS
D2
D1
D3
D4
FIG. 7: Experimental scheme for the implementation of SOBA in
photon 1/3. OS - OAM sorter, PBS - polarizing beam splitter, BS -
50:50 beam splitter
Here are the advantages of the described teleportation
scheme
(i) As evident from the scheme, the number of particles re-
quired to teleport two independent qubits are reduced
by 25% by taking advantage of an extra DOF per pho-
ton.
(ii) We use single particle two-qubit Bell measurement in-
stead of two particle joint Bell measurements. Its imple-
mentation is experimentally simple and one can achieve
100% efficient Bell sate measurement and hence the
teleportation.
(iii) In our scheme Bob need not to do unitary transforma-
tions on the OAM, since the same can be implemented
by operations on the polarization before and after the
SWAP.
(iv) The described three particle hyper-entangled states can
be utilized for a multi-party teleportation scheme with
two senders and a common receiver. Here Alice, and
Charlie, with no entanglement channel between them,
share photons 1 and 3. The combined polarization-
OAM quantum state of Alice’s and Charlie’s photons
will be teleported to Bob who carries photon 2.
V. QUANTUM KEY DISTRIBUTION
Theoretically, the entanglement based QKD protocols are
equivalent to the non-entanglement based ones (such as
BB84). However, in practice, due to the strong quantum corre-
lation and non-locality [24–28], the entanglement based pro-
tocols are regarded more useful (for example, they have in-
trinsic randomness of the distributed key and extremely low
probability of double photons). In recent years, entanglement
in two degrees of freedom such as polarization and OAM has
led to interesting applications in cryptography [29, 30].
Here we are proposing a QKD protocol using the entangled
system described in section II. We take a similar state as in
Eq. (2) given by
|Ψ〉123 = |ξp〉1⊗(|00〉12+|1−1〉12+|−11〉12)⊗(|HH〉23+|VV〉23)|χo〉3,
where |0〉, |1〉 and | − 1〉 are the OAM states of photons. Here
we take a three dimensional subspace of infinite dimensional
OAM entangled state produced by SPDC process with Gaus-
sian beam as pump instead of even/odd entangled state.
The experimental implementation of the protocol is shown
in Fig. 8. Alice will receive photon 2 and Bob will receive
photons 1 and 3 respectively. Photon 2 is entangled with pho-
ton 3 in polarization and it is entangled with photon 1 in OAM.
The photons 1 and 3 do not have any correlation. Alice will
measure both OAM and Polarization states, Bob will measure
polarization of photon 3 and OAM of photon 1.
Alice and Bob randomly measure polarization states of
their respective photons in the following set of basis (γi = 0◦,
22.5◦, 45◦, 67.5◦), (δi = 22.5◦, 45◦, 67.5◦, 180◦) respectively.
These measurements can be done by a half wave plate and po-
larizing beam splitter. Note that γi/2 and δi/2 are the fast axis
orientation angles of the half wave plates. Each angle repre-
sents a basis which is used for measurement and correspond-
ing to each of them, there are two measurement outcomes.
The pairs of angles used by Alice and Bob for which the sum
6Hologram
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FIG. 8: (Color online) Schematic diagram for quantum key distribu-
tion between Alice and Bob. Photons 1-2 have OAM entanglement
and 1-3 have polarization entanglement. Di - detectors, HWP - half
wave plate, PBS - polarizing beam splitter.
is 0◦ and 180◦ will give perfect correlation between them. The
data corresponding to these correlated photons have same bits
and can be used for the key. Alice and Bob will compare their
polarization measurement basis for the key distribution as well
as for the security of the key. After sufficient number of mea-
surements 4/16 of the data are useful for key, two sets of 4/16
of the data are used to check CHSH inequalities (S and S′) and
the remaining 4/16 are discarded due to unmatched bases.
For the OAM correlation of entangled photons, we follow
the key sharing scheme used in [31]. In this scheme, Alice
and Bob measure the OAM state of their photons in three dif-
ferent randomly chosen bases A1, A2, A3 and B1, B2, B3 re-
spectively. This is done by a pair of shifted holograms and
an OAM sorter. The set of bases (A3 and B3) has perfect cor-
relation and the coincidence corresponding to it can be used
to generate the key. Alice and Bob will compare their holo-
gram settings for QKD and security check. In total, there are
9 possible measurements. After taking sufficient number of
measurements, 1/9 of the produced data can be used for the
key. For Bell-type inequality check, 4/9 of the data will be
used which confirms the security of the key and the remaining
4/9 of the data are redundant.
The security of the protocol is mainly checked by the vi-
olation of Bell’s inequality test. All the three parties should
check Bell like inequality with their data in order to check
Alice γ1 γ2 γ3 γ4
Bob
δ1 S Key S ×
δ2 × S′ Key S′
δ3 S × S Key
δ4 Key S′ × S′
TABLE II: Description of data usage corresponding to Alice’s and
Bob’s measurement angles. Here S and S′ are used for security check
through CHSH inequality and × is the discarded data.
eavesdropping. If there is a violation of inequality, entangle-
ment is preserved and there is no eavesdropping in the chan-
nel. The CHSH parameters S and S′ for photons entangled in
the polarization DOF are given by [32]
S = E(γ1, δ1) − E(γ1, δ3) + E(γ3, δ1) + E(γ3, δ3) (15)
S ′ = E(γ2, δ2) + E(γ2, δ4) + E(γ4, δ2) − E(γ4, δ4) (16)
with
E(γi, δ j) =
R12(γi, δ j) + R1′2′ (γi, δ j) − R12′ (γi, δ j) − R1′2(γi, δ j)
R12(γi, δ j) + R1′2′ (γi, δ j) + R12′ (γi, δ j) + R1′2(γi, δ j)
(17)
where R12,R1′2′ ,R12′ and R1′2 are the coincidences
P(D11,D9 +D8 +D7), P(D10,D4 +D5 +D6), P(D11,D4 +
D5 + D6) and P(D10,D9 + D8 + D7) respectively.
For any local realistic theory, the CHSH parameters S , S ′ ≤
2. Non-local nature of the entanglement will violate any of
these inequalities and this violation can be used for checking
the security of the key shared by Alice and Bob. The com-
bination of γ and δ for Bell’s inequality test and for the key
distribution is given in Table II.
Photons 1 and 2 have OAM correlation, so it will violate
the following Bell’s inequality for 3 dimensional case [31, 33]
S = P(A1 = B1) + P(A2 = B1 − 1) + P(A2 = B2) +
P(A1 = B2) − P(A1 = B1 − 1) − P(A2 = B1) +
P(A2 = B2 − 1) + P(A1 = B2 + 1) ≤ 2, (18)
where
P(Aa = Bb + k) =
2∑
j=0
P(Aa = j, Bb = ( j + k)Mod 3). (19)
The shifts of holograms are chosen in such a way that they
maximally violate the Bell-type inequality. j=0,1,2 corre-
sponds to the detection of OAM states 0, 1 and -1 respec-
tively. The coincidence measurements with the combina-
tions of P(D1,D6 + D9), P(D1,D5 + D8), P(D2,D4 + D7),
P(D2,D6+D9), P(D2,D5+D8), P(D2,D4+D7), P(D3,D6+
D9), P(D3,D5 + D8) and P(D3,D4 + D7) are required for
the key distribution and to check the security of the key using
Eq. (18) and (19).
Our protocol has three advantages compared to traditional
Ekert protocol [3].
7(i) If Ekert protocol is used, then around 4n pairs of pho-
tons, i.e., 8n photons (in practice, little more than 8n)
are required to establish a secret key of length n be-
tween Alice and Bob. In our approach, around 6n pho-
tons would be required for the same purpose. Hence, in
terms of number of photons required, Ekert’s protocol
is 33% less efficient than ours.
(ii) On the other hand, if the same number of photons are
used in Ekert and our protocol and if the target key
length is also the same, then because of more entan-
glement resource, our protocol would have more redun-
dancy and hence can tolerate more noise. It is easy to
see that the security in each degree of freedom is equiv-
alent to that of the Ekert protocol.
(iii) Further, this state can be used for multi-party QKD.
Photons 1, 2 and 3 can be distributed amongst Alice,
Bob and Charlie respectively. Now, two sets of inde-
pendent keys can be generated, one for Alice-Bob and
another for Alice-Charlie.
VI. CONCLUSION
Possibility of a new entangled state and its application in
teleporting a two-qubit OAM-polarization quantum state and
in the QKD have been discussed. The new teleportation
method overcomes the difficulty of measuring in two particle
polarization Bell basis, by implementing independent single
particle two-qubit Bell measurements. The method critically
depends on the experimental realizations of polarizationCNOT
gate as well as single particle two-qubit CNOT gates. All the
16 unitary transformations which are required for this telepor-
tation scheme can be realized with linear optical components
along with a SWAP gate. Once the state given in Eq. (9) is
achieved, one can have a 100% efficient teleportation of two
simultaneous qubits. Extending this to higher dimensions is
mathematically trivial though creating entanglement in differ-
ent DOFs has experimental limitations. With the new QKD
protocol, the sender and the receiver need to use less resource
than traditional Ekert protocol to share the secret key of the
same length. Multi-party schemes also can be developed for
the teleportation and the QKD using the described protocols.
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